Dendritic cells (DC) provide a suboptimal niche for the growth of Listeria monocytogenes, a facultative intracellular bacterial pathogen of immunocompromised and pregnant hosts. This is due in part to a failure of large numbers of bacteria to escape to the cytosol, an essential step in the intracellular life cycle that is mediated by listeriolysin O (LLO). Here, we demonstrate that wild-type bacteria that failed to enter the cytosol of bone marrow-derived DC were retained in a LAMP2
Dendritic cells (DC) comprise a heterogeneous group of antigen-presenting cells (APC) that have the unique capacity to activate naïve T cells, and thus they are required for the initiation of an adaptive immune response (4) . Immature DC link the innate to the adaptive immune response by sampling material from the local environment and differentiating in a manner appropriate to the ingested cargo. Maturation into APC capable of presenting antigens for the initiation of an adaptive immune response results when DC pattern recognition receptors encounter molecular signatures associated with pathogens (4, 25) . In recent years, studies using predominantly bone marrow-derived myeloid DC and model antigens have indicated that the unique ability of DC to induce primary T-cell responses is a function of endosomal/lysosomal specializations that effectively preserve immunogenic peptides (26, 34, 43) . Unlike other professional APC, antigen processing and presentation in DC is coupled to the receipt of appropriate maturation signals (25, 26) . Immature DC have a high capacity to ingest soluble and particulate material and sequester it in major histocompatibility complex class II (MHC-II)-rich compartments (MIIC) (19, 30) . The degradation and loading of peptides onto MHC-II, as well as the delivery to and retention of peptide-MHC complexes on the cell surface, is enhanced after the receipt and assimilation of inflammatory signals (11, 19, 30, 44) . Recent evidence suggests that antigen degradation is limited in immature DC endosomes and lysosomes relative to that of macrophages by lower protease content as well as by an acidification response that controls the rate and extent of proteolysis (14, 26, 42) . These adaptations have been proposed to prevent the destruction of immunogenic epitopes destined for presentation to T cells (14, 26, 35) .
Listeria monocytogenes belongs to a class of intracellular pathogens that must escape the host cell endosomal/lysosomal system in order to grow. L. monocytogenes infects a broad range of cell types, including DC, and the intracellular life cycle has been characterized in detail (31) . The growth stage of the L. monocytogenes life cycle proceeds after the rupture of the phagosomal membrane by a pH-and cholesterol-dependent pore-forming cytolysin, listeriolysin O (LLO), with the assistance of a bacterial phosphatidylinositol-specific phospholipase C (PI-PLC). Within 30 min of uptake by macrophages, L. monocytogenes escapes from LAMP1-negative, late endosomal vesicles, which acidify to pH 5.5, providing an optimal environment for LLO-mediated pore formation (5, 18, 28) . Consequently, the majority of L. monocytogenes can be found free and replicating in the macrophage cytosol in the first hour of infection. Bacterial escape is inefficient after phagosomal fusion with lysosomes (18) , presumably due to a harsh envi-ronment (low pH, high proteolysis) that does not support LLO activity. L. monocytogenes thus takes advantage of a small window of opportunity within minutes after ingestion by macrophages, during which the phagosomal conditions are favorable for LLO to mediate bacterial escape to the cytosol. Once in the cytosol, L. monocytogenes recruits the host cell actin machinery to spread to adjacent cells by a process of intercellular spread. Escape from secondary spreading vacuoles, mediated by LLO in combination with two bacterial phospholipases (PI-PLC and a broad-range PLC, PC-PLC) (1) , allows the infection to progress while shielding the bacteria from extracellular immune defenses of the host. The intracellular lifestyle dictates that clearance of the pathogen requires the processing and presentation of bacterial antigens via the MHC-I pathway and the activation of a CD8 ϩ T-cell response (22) . The presentation of antigens via the MHC-II pathway and activation of a CD4 ϩ T-cell response is necessary for the maintenance of long-term CD8 ϩ T-cell memory (41) . DC mature in response to infection with wild-type (WT) L. monocytogenes (3, 9, 27) and are required for the initiation of an adaptive immune response in the murine intravenous model (21) . We have previously reported that bone marrow-derived DC have the capacity to restrict large numbers of L. monocytogenes to a membrane-bound compartment and, consequently, to limit their intracellular growth (50) . This is in contrast to bone marrow-derived macrophages (BMM), which support relatively unrestricted bacterial growth in the cytosol. Consistent with these findings, DC become infected with L. monocytogenes in vivo, but unlike macrophages, they do not appear to provide a significant niche for bacterial replication (2, 27) . Given the critical role of DC in the immune response, the limitation of intracellular bacterial infection may preserve and enhance their specialized antigen-presenting function. Therefore, to begin to address how DC control L. monocytogenes growth, we examined the characteristics of DC phagosomes early after infection. Evidence is provided that phagosomal maturation events associated with the acquisition of MHC-II molecules reduce the efficiency of L. monocytogenes escape to the DC cytosol, possibly by presenting suboptimal environmental conditions for LLO. Along with an additional as-yet undefined mechanism that controls the extent of bacterial growth in the cytosol, these DC-specific responses to L. monocytogenes infection preserve cellular integrity during the course of the maturation response.
MATERIALS AND METHODS
Antibodies and reagents. Primary antibodies were used at a final concentration of 5 g/ml. Rat anti-mouse (ms) LAMP2 and rat anti-ms H2-DM were from eBioscience (SanDiego, CA), and anti-ms Ia b (clone AF6) and rat anti-ms CD86 were from BD Biosciences (San Jose, CA). Rabbit polyclonal anti-Listeria antibody (5346858; Difco) was used at a 1:300 dilution. The following reagents were from Invitrogen/Molecular Probes (Carlsbad, CA): Alexa Fluor-conjugated secondary antibodies AF488-goat anti-rat IgG, AF546-goat anti-ms IgG, AF488, AF568, or Cy5-labeled goat-anti-rabbit IgG (1:500); Alexa Fluor-conjugated phalloidin (1:50), lysotracker red (LTR); carboxyfluorescein succinimidyl ester (CFSE); and AF647 succinimidyl ester (AF647SE). CFSE and AF647SE were prepared as 5-mg/ml stocks in dimethylsulfoxide (DMSO) and stored at Ϫ20°C. Bafilomycin A 1 (BafA 1 ) monensin, and nigericin were from Sigma (St. Louis, MO).
Bacteria. The WT strain of L. monocytogenes used in these studies was 10403S. The isogenic strain, DP-L4044, carrying an LLO point mutation (G486D) was obtained from Daniel Portnoy and has been described previously (13) . For infection, bacteria were grown for 16 to 18 h in static brain heart infusion (BHI) broth cultures at 30°C.
Cells. DC and BMM were derived from C57BL/6 bone marrow (isolated from female, 10-to 24-week-old mice) as described previously (50) . Briefly, bone marrow devoid of red blood cells was cultured with 10 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) for 6 days, and DC were purified by CD11c-positive selection using magnetic beads (Miltenyi, Auburn, CA). CD11c ϩ cells (Ͼ95% purity) were recultured overnight (with GM-CSF) and infected on day 7. BMM were harvested after 6 days of culture with 10% supernatant from CSF-1-transfected NIH-3T3 cells. As for DC, cells were recultured overnight (with CSF-1) and infected on day 7.
Infections. The intracellular growth assay was performed as described previously (50) . Briefly, cell monolayers grown on 12-mm glass coverslips were infected with L. monocytogenes (multiplicity of infection [MOI], 0.30) for 1 h, washed three times, and treated with 10 g/ml gentamicin to kill extracellular bacteria. Cell lysates were prepared at the indicated time points, and dilutions were plated on LB agar to enumerate CFU. For confocal microscopy and pH studies, an MOI of 3.0 to 10.0 was used, and changes to the basic infection protocol are indicated in the corresponding sections of Materials and Methods and in the figure legends.
Evaluation of L. monocytogenes escape to the cytosol. Infected cells were fixed, permeabilized, and stained for total bacteria (using anti-Listeria antibody followed by AF568-labeled goat anti-rabbit IgG) and actin (using AF488-labeled phalloidin). Individual bacteria were scored as cytosolic (phalloidin ϩ ) or noncytosolic (phalloidin Ϫ ) by epifluorescence microscopy using a Nikon Eclipse TE300 microscope equipped with a 100ϫ oil immersion lens.
Laser-scanning confocal microscopy. Cells were infected on glass coverslips as described in the figure legends, fixed, permeabilized, and stained for total L. Labeling of L. monocytogenes with CFSE and AF647. L. monocytogenes LLO G486D was either single labeled with CFSE or dual labeled with CFSE and AF647SE for pH experiments. Washed, stationary-phase bacteria (2 ϫ 10 8 ) were resuspended in 0.5 ml PBS, pH 8.3, containing CFSE (100 M). The labeling reaction was performed for 10 min at 37°C with end-over-end rotation and stopped by adding 0.5 ml fetal calf serum (FCS). Bacteria were washed twice with PBS (pH 7.2) containing 3% FCS and once with PBS (pH 7.2). CFSE-labeled bacteria were resuspended in 0.5 ml PBS, pH 8.3, containing AF647 succinimidyl ester (100 M). The labeling reaction mixture and washes were the same as those described for the CFSE protocol. Bacterial viability was minimally affected by the labeling reactions (Ͼ80% viable).
Infection for quantitative phagosomal pH assay. The phagosomal pH assay was adapted for use with live bacteria from published assays (35, 46) . DC and BMM monolayers grown in 12-well dishes were infected in a volume of 0.5 ml with dual-labeled L. monocytogenes (MOI, 10) for 10 min at 37°C, 5% CO 2 , washed three times, and chased with fresh medium for 35 min. Cells were harvested following a 5-min treatment with Accutase nonenzymatic cell detachment solution (ISC BioExpress, Kaysville, UT) and resuspended in media of defined pH (Invitrogen CO 2 -independent medium, adjusted to pH 4.5 to 7.5 in 0.5-ml steps) containing the K ϩ and Na ϩ ionophores nigericin (20 M) and monensin (4 M) to equilibrate the intracellular and extracellular pH. Identical samples were incubated in medium adjusted to the same pH but without ionophores. CFSE (pH-sensitive) and AF647 (pH-insensitive) fluorescence for both sets of samples were measured by flow cytometry with gating on the predominant infected cell population (excluding outliers). A standard curve was generated by plotting the ratio of the geometric mean fluorescence intensity (MFI) of CFSE to AF647. The expression of the data as a ratio of pH-sensitive to pH-insensitive fluorescence controls for potential differences in bacterial uptake by the two cell types. The intracellular pH was defined using GraphPad Prism software by the point of intersection of the two curves (i.e., those with and without ionophores).
Cell viability assay. The viability of DC and BMM monolayers after infection with L. monocytogenes as described for intracellular growth assays was evaluated by collecting supernatants at time points over the course of 12 h and measuring lactate dehydrogenase (LDH) levels by using the Promega Cytotox 96 assay kit according to the manufacturer's instructions.
Evaluation of DC maturation. CD11c-purified DC were infected for 1 h with WT L. monocytogenes (MOI, 0.30) in 12-well dishes. At 1 h, cells were washed
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and 10 g/ml gentamicin was added. At 1.5 and 24 h after infection, cells were harvested using Accutase per the pH assay. For the quantitative analysis of maturation, cells were stained with APC-conjugated hamster anti-mouse CD11c and phycoerythrin (PE)-conjugated rat anti-mouse CD86 (BD Pharmingen) and analyzed by flow cytometry (FACSCalibur; Becton Dickinson) with gating on CD11c ϩ cells (Ͼ90% of the population). Additional samples of infected cells grown on glass coverslips were fixed and stained for immunofluorescence microscopy at the same time points using anti-CD86 and anti-Listeria antibodies as described previously (50) .
Statistical analysis. Significance, where indicated, was determined by the two-tailed unpaired Student's t test.
RESULTS

Wild-type L. monocytogenes is targeted to a LAMP2
؉ compartment in the first hours after DC infection. To determine how DC inhibit L. monocytogenes egress to the cytosol, we characterized L. monocytogenes-containing phagosomes early after infection. Cells initially were evaluated between 1.5 and 3 h after infection, a time frame during which many bacteria remained trapped in DC but were free in the BMM cytosol (50) . We first addressed the stage of phagosomal maturation at that time by assessing intracellular bacteria for colocalization with the endosomal/lysosomal marker LAMP2. Both cytosolic and noncytosolic bacteria were found in DC, which is consistent with our previous results (50) . Bacteria that were not actin ϩ (cytosolic) colocalized with the LAMP2 marker ( Fig. 1 ). Cumulative results from multiple experiments demonstrated that in DC, roughly half of all intracellular bacteria were localized to LAMP2
ϩ vesicles between 1.5 and 3 h of infection. Consistent with rapid bacterial escape to the cytosol, a significantly smaller percentage of bacteria were found in LAMP2 ϩ vesicles in BMM (approximately 15%, compared to 45% in DC). As we reported previously (50), subpopulations of DC appeared to preferentially trap bacteria or support escape to the cytosol; 53% Ϯ 7% of infected DC contained exclusively LAMP2 ϩ bacteria, 27% Ϯ 2% contained exclusively actin ϩ bacteria, and the remainder showed a mixed phenotype (n ϭ 3 experiments). In contrast to the results with LAMP2, bacteria did not colocalize with Rab5a, an early endosomal marker, during the same time frame of DC infection (data not shown). Therefore, wild-type L. monocytogenes organisms that failed to escape to the cytosol were trapped in a late endosomal or lysosomal compartment in the first hours after DC infection. An LLO activity mutant has a severe escape and growth defect in DC. To explain the DC-specific escape and growth phenotype, we hypothesized that LLO function is compromised in the DC phagosomal environment. Initially we determined that as is the case for macrophages (20) , an LLO deletion mutant (DP-L2161) did not escape from phagosomes or grow in DC, demonstrating a requirement for LLO in this cell type (data not shown). Consistent with the hypothesis that LLO function is compromised in DC, we observed differential behavior in DC and BMM of an isogenic L. monocytogenes strain, DP-L4044, that carries a point mutation in LLO. The G486D substitution, which resides in the carboxy-terminal membrane-binding domain of LLO, confers a 100-fold reduction in toxin activity (13) . Despite producing an LLO protein with reduced membrane lytic activity, the mutant has a relatively minor phenotype in macrophages (13) . As we reported previously (50) , DC supported a 1-log increase in intracellular CFU when infected with the WT strain (Fig. 2a, open squares) compared to an approximately 2-log increase in BMM (open circles). The growth defect in DC was a function of both a slower initial bacterial doubling time, as we reported previ-
FIG. 1. DC retain significant numbers of L. monocytogenes cells in a LAMP2
ϩ compartment. DC were infected for 30 min with wild-type L. monocytogenes 10403S, washed, and chased for 1 to 2.5 h. Cells were fixed and permeabilized, and three-color staining for total bacteria, LAMP2, and actin was performed. The three-color confocal images, depicting a 0.5-m optical section through a representative field of DC infected for 3 h, were split, and the LAMP2 and actin images were converted to grayscale. LAMP2 and actin images overlaid with bacteria (green) are also shown. Cumulative results indicating the percentage of bacteria colocalized with LAMP2 (mean Ϯ standard deviation) from seven (DC) and six experiments (BMM) are shown. Significance was determined by unpaired Student's t test.
ously (50) , and a failure of L. monocytogenes to replicate to a significant extent after 5 h. Notably, the LLO G486D mutant had a more dramatic growth defect in DC than did WT bacteria; the number of intracellular mutant bacteria increased only 3-fold during 12 h (closed squares). A long lag period between 2 and 5 h for the mutant strain reflected few bacteria in the cytosol, which was quantitated at 2.5 h by staining infected cells for actin-associated bacteria (Fig. 2b) . Specifically, the percentage of bacteria in the cytosol was 18-fold lower for the LLO G486D mutant than for wild-type bacteria in DC. Regardless of infection dose (strength of microbial signal), the LLO G486D mutant was severely defective in its ability to enter the DC cytosol. At multiplicities of infection of 5.0, 1.0, and 0.2, the level of bacteria in the cytosol at 3 h was 8 (n ϭ 246), 13 (n ϭ 117), and 3% (n ϭ 87), respectively. Further, after a small burst of replication between 5 and 8 h, the LLO G486D mutant stopped growing, as observed for WT bacteria. In contrast, the LLO G486D mutant had a mild phenotype relative to that of wild-type bacteria in BMM as reported previously (13) . The percentage of bacteria in the cytosol was only 3-fold reduced for LLO G486D compared to the level for the WT in BMM, and this translated to a modest reduction in growth. Although gentamicin enters DC more effectively than it enters BMM (M. M. Westcott and E. M. Hiltbold, unpublished data), we determined that the bacterial phenotypes in DC were not due solely to gentamicin entering the intracellular DC compartment, as similar results were obtained when the drug was reduced in concentration, removed at 2 h, or eliminated completely (in conjunction with extensive washing; data not shown).
Therefore, when LLO activity was limiting, the escape and growth defect in DC was significantly amplified, while even low levels of active LLO were sufficient for bacterial escape to the BMM cytosol. Since the WT and mutant L. monocytogenes strains differed only in the LLO G486D substitution, the data are consistent with a more restrictive environment for LLO in DC phagosomes. Further, the cessation of bacterial growth after 5 h indicates an additional level of DC-mediated control over bacteria that had successfully entered the cytosol.
Live bacteria are targeted in the first hour to MHC-II-rich vesicles. The presence of LAMP2 is indicative of a compartment that has matured to a late endosomal or lysosomal stage (15) . To define the characteristics of the L. monocytogenescontaining DC compartment further, we utilized the LLO G486D mutant, in which Ͼ97% of bacteria failed to enter the cytosol in the first 2 h after infection (Fig. 2b) , allowing an almost exclusive focus on phagosomal bacteria for the analysis. A hallmark phenotype of immature DC is the colocalization of MHC-II with the MHC-II-like chaperone, H2-DM, in late endosomal and lysosomal vesicles (MIIC), while mature DC export MHC-II molecules to the cell surface, retaining vesicular H2-DM. The two patterns are clearly distinguishable by immunofluorescence staining (30) . DC used in the current studies had the pattern characteristic of immature cells (Fig.  3a) prior to infection with L. monocytogenes (for comparison, the mature DC staining pattern also is shown). To determine if the LAMP2 ϩ vesicles identified in the previous experiments were MIIC, infected DC were stained for H2-DM or LAMP2 (green) and total L. monocytogenes (red). As shown in Fig. 3b , Ͼ90% of LLO G486D mutant bacteria colocalized with H2-DM (top, three-dimensional reconstructed image; bottom, optical sections through the same cell) and LAMP2 (graph in Fig. 3b ; photomicrographs are not shown). Similar results were obtained with wild-type bacteria analyzed at 3 h (Fig. 3c) , except that fewer colocalized with H2-DM because they had entered the cytosol (59% colocalized with H2-DM, and 41% were in the cytosol; n ϭ 81). Also illustrated in Fig. 3c , vesicles retaining wild-type bacteria contained both H2-DM (green) and MHC-II (red). Therefore, L. monocytogenes cells that failed to escape to the DC cytosol by 1 h were contained within vesicles with characteristics of MIIC.
Early L. monocytogenes-containing DC vesicles acidify. The differential behavior of the LLO activity mutant G486D in DC compared to that in BMM raised the possibility that the defect in bacterial escape from DC phagosomes was a function of a more restrictive environment for LLO. LLO-mediated pore formation is a pH-dependent process, proceeding most effectively at pH 5.5 (16, 32) . Recent reports have indicated that DC phagosomes have the capacity to remain pH neutral for several hours after the ingestion of cargo, an adaptation that prevents the premature destruction of antigenic epitopes (35) . We therefore hypothesized that the enhanced retention of L. monocytogenes in DC phagosomes was due to an insufficient acidification response. We utilized several approaches to determine if early L. monocytogenes-containing DC phagosomes acidify. First, we took advantage of the pH sensitivity of the fluorescein derivative, CFSE. Specifically, CFSE fluorescence decreases with decreasing pH, and the labeling of phagocytic cargo with CFSE (and other fluorescein derivatives) has been used as a tool to monitor changes in intracellular pH (36). 
To normalize for the number of CFU at 2 h, the G486D mutant was added at a 3-fold-higher MOI than that for wild-type bacteria for both DC and BMM. (b) Additional coverslips were processed for fluorescence microscopy at 1.5 to 3.0 h postinfection, and individual bacteria were scored as cytosolic or noncytosolic based on staining for total bacteria and for actin. The percentage of cytosolic bacteria (phalloidin ϩ bacteria/total bacteria) and the fold decrease for the mutant compared to the level for the WT is shown for each cell type. The results are from three (BMM) or seven (DC) independent experiments. The total numbers of bacteria analyzed were the following: for DC, n ϭ 640 (WT) and 741 (G486D); for BMM, n ϭ 1,109 (WT) and 551 (G486D).
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First, DC were infected with live CFSE-labeled LLO G486D for 1 h in the presence or absence of BafA 1 . BafA 1 blocks phagosomal acidification by inhibiting the ATP-dependent vacuolar proton pump (vATPase) (8) and has been shown to inhibit the escape of L. monocytogenes to the macrophage cytosol (5, 28) . We reasoned that if DC phagosomes remained in the pH-neutral range early after the ingestion of L. monocytogenes, then the fluorescence intensity of CFSE-labeled phagosomal L. monocytogenes would be similar in the presence and absence of BafA 1 . As shown in Fig. 4a , the CFSE-positive population (representing infected DC) had a 3-fold greater mean fluorescence intensity (MFI) in the presence of BafA 1 (dotted histogram) than in the absence of BafA 1 (solid histogram), suggesting that DC phagosomes did in fact acidify in the first hour after infection. These results were confirmed by labeling infected cells with lysotracker red (LTR), a membrane-permeable fluorescent dye that accumulates in acidic vesicles (47) . DC were infected for 30 min, washed, chased for 30 min in the presence of LTR, and examined by confocal microscopy. As shown in Fig. 4b , LTR signals that ranged in intensity from negative/weak to bright were observed, with 84% of bacteria localizing to LTR-positive vesicles at 1 h. Taken together with the flow cytometry data presented in Fig. 4a , the results indicate that L. monocytogenescontaining DC phagosomes acidified in the first hour after infection.
L. monocytogenes-containing DC phagosomes have a modestly elevated pH relative to that of BMM phagosomes. The qualitative analyses described above indicated that L. monocytogenes-containing DC phagosomes acidified to some extent during the course of 1 h. However, the possibility remained that the acidification response was insufficient for optimal LLO-mediated pore formation. We therefore modified published flow cytometry-based assays (35, 46) to measure the pH of DC phagosomes containing live L. monocytogenes early after infection. Several factors were considered in the experimental design. First, L. monocytogenes LLO G486D was used to minimize bacterial entry into the cytosol. Second, the pulse/chase infection protocol was designed to allow the earliest pH measurement at a point at which the majority of bacteria were intracellular and still in vesicles in both DC and BMM (approximately 45 min total infection time). Cells were infected with live bacteria that were dual labeled with CFSE (pH sensitive) and AF647 (pH insensitive), and the pH of L. monocytogenes-containing phagosomes was measured by gating on cells that were CFSE ϩ and AF647 ϩ (see Fig. S1 in the supplemental material). As described in Materials and Methods, the data are reported as a ratio of pH-sensitive (CFSE) to pH-insensitive (AF647) fluorescence, which controls for potential differences in the uptake of the cargo by the two cell types. A representative experiment is illustrated in Fig. 5a , in which the DC phagosomal pH was determined to be 5.9. Re- sults from multiple independent determinations, shown in Fig.  5b , indicate a modest but significant difference in the acidification response of the two cell types. While the population of DC phagosomes was approaching or had reached the optimal pH for LLO pore-forming activity (pH as high as 6.0 with a mean of 5.5), BMM phagosomes had reached or surpassed it in the same time frame (pH as low as 4.5 with a mean of 5.0). These results provide further evidence that L. monocytogenescontaining DC phagosomes do in fact acidify, but they imply that the rate or extent of acidification is different for the two cell types. Nevertheless, within the 1-h time frame examined, DC phagosomes, like BMM phagosomes, reached a pH that was within the effective range for LLO (pH 5.0 to 6.0).
Control of intracellular L. monocytogenes infection promotes DC survival. During the course of intracellular growth experiments, we observed that while BMM showed signs of cytotoxicity at late stages of infection (8 to 24 h), coincident with high numbers of bacteria replicating in the cytosol, cytotoxicity was less apparent in infected DC. To evaluate this observation quantitatively, we assessed cellular viability by measuring LDH release from cells infected with wild-type L. monocytogenes during the course of 12 h. The growth curve performed in parallel with LDH measurement is one of the multiple experiments depicted in Fig. 2a . Limited bacterial replication in DC preserved cellular viability as shown in Fig. 6a , while unrestricted bacterial growth in BMM led to decreased cellular viability starting at about 8 h (Fig. 6a) . Consistent with these findings, the examination of DC and BMM monolayers at 24 h after infection by differential staining revealed extensive cytotoxicity in the BMM cultures that was minimally observed in the DC cultures (Fig. 6b) . Further, the infection of DC at low MOI led to their maturation by 24 h, as indicated by the (Fig. 6c) . Therefore, the outcome of the L. monocytogenes infection of DC is strikingly different from that of macrophages; although unactivated macrophages are able to support high bacterial loads and remain viable (31), unrestricted growth ultimately compromises cellular integrity. In contrast, the control of intracellular bacterial growth by DC promotes survival late in infection, a critical time period for the development of a full maturation response.
DISCUSSION
In this report, we present evidence consistent with a model in which the inefficiency of bacterial escape to the cytosol in DC compared to that in macrophages is attributed in part to differences in the early phagosomal environment encountered by L. monocytogenes in the two cell types. Further, our data indicate that DC limit the extent of bacterial growth in the cytosol. Therefore, DC have the capacity to inhibit the life cycle of L. monocytogenes both early and late in infection, and unlike macrophages they do not ultimately succumb to high bacterial loads. This finding is significant, since DC maturation during the late stages of infection is critical for the activation of an adaptive immune response.
The possibility that the enhanced trapping of L. monocytogenes in DC phagosomes is due to a cell type-specific inhibition of LLO function was supported by the behavior of the LLO G486D mutant in DC compared to that in BMM. The mutant had a more pronounced escape and growth defect than WT bacteria in DC, but as previously reported (13) , it grew in a manner similar to that of WT bacteria in BMM. The differential phenotype of WT L. monocytogenes and the isogenic LLO point mutant strain in DC is consistent with an activity-related LLO defect rather than a defect resulting from the insufficient production of LLO in DC phagosomes. Further, the severity of the escape and growth phenotype of the LLO G486D mutant in DC relative to that of BMM suggests that DC phagosomes present a less permissive environment for LLO activity than BMM phagosomes.
The characterization of DC phagosomes early after infection revealed that they were positive for MHC-II, the MHC-II accessory molecule H2-DM, and LAMP2 (Fig. 3) , all markers of the MHC-II-rich antigen loading vesicles (MIIC) in immature DC (12, 30) . Several independent approaches demonstrated that this compartment acidified (Fig. 4 and 5) . The measurement of phagosomal pH at the population level (reflecting all L. monocytogenes-containing phagosomes in a nonsynchronized population of infected cells) revealed that while the average pH of DC phagosomes was approaching or had reached the LLO optimum, that of BMM phagosomes had reached or surpassed it in the same time frame. The BMM acidification response reported here is consistent with that measured in individual L. monocytogenes phagosomes containing entrapped L. monocytogenes, which reached the pH opti- . It should be emphasized that this experimental approach did not lend itself to the very early pH measurements necessary for a relevant kinetic analysis in this system; however, the results suggest that the rate or extent of phagosomal acidification in DC and BMM phagosomes is different. Although the data presented do not support phagosomal pH as a major factor in the control of L. monocytogenes escape to the DC cytosol, a modestly delayed acidification response nevertheless could reduce the efficiency of LLO-mediated pore formation, contributing to the DC-specific phenotype that we have reported. A similar correlation between the extent of acidification and the outcome of macrophage infection with L. monocytogenes has been reported. The weak base ammonium chloride inhibits (but does not completely block) phagosomal acidification, reduces LLO-mediated membrane perforation, and reduces bacterial growth (5, 28, 32) . The capacity of DC to interfere with the L. monocytogenes life cycle by retaining large numbers of bacteria in phagosomes that acquire markers of MIIC is significant in light of the unique antigen-processing and -presenting function of DC. MIIC of immature DC have the capacity to accumulate ingested material in a relatively intact state until maturation signals are assimilated (19, 30, 33, 44) . Current studies have led to the proposal that DC limit antigen degradation by a pHdependent mechanism that is somewhat different from that of other APC. Specifically, in this model, a balance between the activities of two macromolecular complexes, the NADPH oxidase (NOX2) and the ATP-dependent vacuolar proton pump (vATPase), which are regulated at the level of subunit assembly at the phagosomal membrane, largely controls changes in DC phagosomal pH (34) . In a recent study, low and sustained levels of NOX2 activity in DC phagosomes held the pH at neutral to alkaline for a prolonged period after the ingestion of latex beads, while macrophage phagosomes acidified rapidly, reaching a pH of 5.0 within 15 min (35) . Combined with low vATPase activity in immature DC phagosomes (42) , this mechanism was proposed to delay the acidification, and hence the proteolytic processing, of antigens destined for cross-presentation (35) . Our findings are qualitatively consistent with reported differences in phagosomal pH regulation in DC and macrophages (35) . However, in our study DC phagosomes acidified within 1 h rather than remaining pH neutral. There are two possibilities to explain this difference. First, in our experimental system, immature DC received a potent maturation signal in the form of a live bacterial pathogen. Immature DC increase the assembly of vATPase subunits at the phagosomal membrane in response to inflammatory stimuli (42) , which would be predicted to shift the balance between NOX2 and vATPase activities toward acidification. In addition, particle ingestion by DC proceeds by macropinocytosis as well as by phagocytosis involving multiple receptors, and this has been shown to influence the fate of ingested cargo as well as the pathway by which it is presented to T cells (10, 24, 49) . As a complex cargo, L. monocytogenes likely is ingested by more than one route, which may differ from that of latex beads, resulting in the formation of a phagosome with different properties, including acidification potential. The relationship between the route of L. monocytogenes entry into DC, the fate of the bacteria (phagosomal or cytosolic), and the targeting of antigens to specific presentation pathways can be addressed in future studies using this model.
Per our previous study (50) , the results of the current study suggest a DC subpopulation effect with regard to the fate of L. monocytogenes. Approximately 50% of infected cells contained only bacteria that colocalized with LAMP2, while 30% contained only actin ϩ bacteria. DC derived from murine bone marrow with GM-CSF are known to be phenotypically heterogeneous (23) and most closely related functionally to inflammatory, monocyte-derived DC (48) Although our data implicate defective LLO function in DC phagosomes, they must be considered in light of the fact that the precise mechanism by which LLO forms pores in phagosomal membranes is not clear and is known to be influenced by multiple bacterial and host-derived factors (37) . Further, LLO has the ability to transiently delay phagosome/lysosome fusion in macrophages (39) , as well as to transmit signals to the host cell (7, 29) . Therefore, the factors that influence LLO activity in DC are likely to be complex and will require further study. Although we have demonstrated that DC phagosomes acidified within an hour to a pH that reached the LLO optimum (at least at the population level), many L. monocytogenes cells remained in vesicles even after several hours of infection ( Fig.  2) (50) . Our previous study demonstrated that vacuole-entrapped L. monocytogenes cells remain viable at these time points (50) . One possibility to explain these observations is that in DC, bacteria are exposed for a longer period to near-neutral phagosomal pH than in macrophages, which could irreversibly inactivate LLO (38) . Another possibility is that a mild acidification response delays pore formation long enough for DC phagosomes to acquire other LLO-inhibitory properties. Our data would, however, suggest a mechanism different from that of macrophages, in which phagosomal maturation to the lysosomal stage (which inhibits L. monocytogenes escape [18] ), proceeds in conjunction with further acidification (to pH Ͻ 5.0) (43) . In any case, a detailed kinetic analysis of acidification at the level of individual phagosomes containing WT L. monocytogenes will be necessary to definitively address pH as a contributing factor in the control of L. monocytogenes escape to the DC cytosol.
It also is possible that other DC-specific endosomal features influence LLO function. The LLO point mutation (G486D) in the DP-L4044 strain used in the current study resides in the cholesterol-binding domain of the toxin (45) , suggesting the interesting possibility that DC phagosomes present a different composition or configuration of membrane cholesterol, reducing toxin binding. Alternatively, the access of L. monocytogenes to the active form of GILT, a host-derived thiol reductase involved in antigen processing (17) that recently has been shown to be required for the activation of LLO (40) , may be restricted in early DC phagosomes. Finally, exposure to lowlevel, NOX2-generated reactive oxygen species immediately upon the arrival of L. monocytogenes into DC phagosomes could inactivate LLO, similarly to a scenario proposed for activated macrophages (28) .
In sharp contrast to macrophages, despite the entry of roughly half of WT L. monocytogenes organisms into the DC cytosol ( Fig. 1) (50) , bacterial replication did not proceed to a significant extent past 5 h of infection, suggesting an additional level of control operating on bacteria that had left the DC phagosome (Fig. 2a) (50) . Preliminary ultrastructural analysis at 7 h revealed a complex picture containing cytosolic bacteria, individual bacteria in single-membrane vesicles (suggesting they never left the initial phagosome), multiple bacteria in spacious vesicles reminiscent of those reported in macrophages from SCID mice (6) , and individual bacteria in single-membrane vesicles with remnants of actin tails (Westcott and Hiltbold, unpublished). The latter suggests defective escape from secondary spreading vesicles, which requires bacterial phospholipases and LLO for the disruption of the inner and outer membranes, respectively (1) . Additional studies are needed to address these findings mechanistically. However, regardless of the nature of the vesicles, the prevalence of membrane-entrapped bacteria many hours after DC infection (when bacteria are predominantly cytosolic in BMM) is consistent with the growth dynamics reported in Fig. 2 and appears to provide a significant contribution toward the maintenance of DC viability at late time points (Fig. 6 ).
In conclusion, we have demonstrated that the fate of L. monocytogenes in DC reflects the capacity of this cell type to interfere with the intracellular life cycle of the pathogen at both the phagosomal and cytosolic stages, and that this ultimately influences the fate of the host cell. The unique capacity of DC to restrict a large proportion of L. monocytogenes to MHC-II-rich vesicles while allowing limited bacterial replication in the cytosol may allow DC to survive the intracellular infection and receive the appropriate signals for full maturation (Fig. 6) (3, 9, 27) while at the same time promoting the efficient processing and presentation of bacterial antigens to both CD4 and CD8 T cells. L. monocytogenes should serve as an excellent model to address how the trafficking of a live intracellular pathogen by DC, compared to that of other APC such as macrophages, leads to the highly effective processing and presentation of antigens to the adaptive immune response.
